Considerable climatic variability on decadal to millennial timescales has been documented for the past 11,500 years of interglacial climate [1] [2] [3] . This variability has been particularly pronounced at a frequency of about 1,500 years, with repeated cold intervals in the North Atlantic 1,3
demonstrate that several Holocene palaeoclimatic records include a continuous 2,500-year cycle over the Holocene and a 1,000-year cycle during the early Holocene, whereas the mid-to late Holocene is marked by the gradual appearance of a cyclic period of 1,500 years not present in solar proxies. This period has been attributed to ocean dynamics associated with a stabilization of the signal after 6,000 bp as sea-level rise slowed and meltwater fluxes ceased 4 . Internal oceanic forcing is responsible for the dynamic behaviour of the North Atlantic in the transfer, amplification and/or modulation of climatic variations in the global thermohaline and atmospheric circulation mode. These climatic fluctuations are linked with important cultural and socio-economic reorganizations in Europe and, through teleconnections, globally. Instrumental, historical and proxy data have documented rapid and large-scale changes on the physiography of coastal areas in northern coastal Europe at decadal timescales 5 . A comprehensive understanding of millennial-scale North Atlantic climate modulation and its spectral signature on storm dynamics is, however, less obvious in part owing to the lack of high-resolution coastal archives. Here, we investigate North Atlantic ocean-atmosphere interactions during periods of increased storminess throughout the mid-to late Holocene, as recorded in high-energy estuarine and other coastal sedimentary archives. As yet, coastal sedimentary deposits have been primarily screened to decipher the impact of climatic changes on coastal evolution and dynamics [6] [7] [8] [9] [10] [11] [12] . The macrotidal Seine Estuary and Mont-Saint-Michel Bay (MSMB) are two coastal sedimentary systems both located along the southern coast of the English Channel in northwestern France (Fig. 1 ). This area is well suited to investigate longterm storminess variability because it is exposed to the rapidly changing North Atlantic climate system, which has a substantial influence on the Northern Hemisphere in general. The MSMB and Seine Estuary have two of the thickest Holocene coastal sedimentary wedges in northwestern Europe, allowing for highly temporally resolved environmental reconstructions 13, 14 (Fig. 2 and  Supplementary Table S1 ). At both sites, the main architectural change in the sedimentary infills occurred at about 6,500 cal bp when the sea-level rise significantly decelerated concomitant with the disappearance of North American ice sheets.
In the Seine Estuary 13 , the late Holocene record of the outer estuary documents the occurrence of storm deposits disrupting the background sedimentary infill with an apparent periodicity of ∼1,500 years (that is, at about 4,400-3,950, 3,300-2,700, 1,600-1,250 and 600-300 cal bp). A similar pattern of increased storminess was indicated in the infill of the MSMB in open tidal flat and back-barrier successions 14 at about 5,800-5,500, 4,500-4,000, 3,300-2,700 and 1,200-1,000 cal bp. At both sites, intervals of increased storminess are coeval to the late Holocene North Atlantic drift-ice discharge events 13, 14 . These data, collected from high-energy estuaries, complement other independent records of storminess and flooding from northern European sheltered coastal environments between southeast England and Sweden (Fig. 1) . The timing of storminess maxima in northwestern France closely matches that from coastal environments from England 6,7 , Scotland 8 , Ireland 9 , the Netherlands 10 , Denmark 11 and Sweden 12 at about 4,300, 2,800, 1,400 and 400 cal bp, which have been interpreted as reinforced wind activity associated with a more frequent passage of cyclones. On the basis of nine independently dated records, we propose here a stacked chronology of palaeostorm activity in northern coastal Europe, and consequently define five Holocene storm periods (HSPs) consisting of the most widespread stormy intervals during the mid-to late Holocene ( Fig. 1 ): HSP I (5,800-5,500 cal bp), HSP II (4,500-3,950 cal bp), HSP III (3,300-2,400 cal bp), HSP IV (1,900-1,050 cal bp) and HSP V (600-250 cal bp), the last one archives of Holocene climate changes were usually retrieved from backshore environments, such as aeolian dune fields, back-barrier lagoons or peat bogs [6] [7] [8] [9] [10] [11] [12] . In this study we present new sedimentary archives collected from open-marine settings in the macrotidal MSMB and Seine Estuary estuaries (red points a,b in Fig. 1 ). We use an exceptionally large data set consisting of very high-resolution seismic data (130 km and 600 km of seismic profiles acquired from the Seine Estuary and MSMB, respectively) complemented by well-dated storm deposits (thick, coarse sandy shell intervals) selected from 43 (Seine Estuary) and 50 (MSMB) vibrocores 13, 14 .
coinciding with the early to mid-Little Ice Age (LIA). Composite evidence gathered from multiple geomorphologic environments reduces the potential influence of local environmental variability on the shared signal, and thereby reveals a more robust record of regional coastal responses to large-scale climate variability on millennial timescales. In this regard, our HSP record from northern coastal Europe illustrates storminess maxima that are strikingly similar to those reported in a terrestrial palaeoclimate record south of Iceland 15 ( Fig. 3b ) and in sea-salt sodium proxies from Greenland ice cores 16 . This suggests that the concurrent long-term climate deteriorations in northern coastal Europe and over the North Atlantic respond coevally to a common mechanism. Shifts in atmospheric circulation in the North Atlantic region are closely linked to the surface hydrography of the ocean. In particular, the time series of the Icelandic storminess record exhibits peaks corresponding to the ice-rafted debris (IRD) maxima 1 , which have also been tied to cooling events in the North Atlantic 3,17 and glacial advances in Scandinavia 2 .
Furthermore, several of these late Holocene cooling events coincided with times of reduction in the Atlantic meridional overturning circulation 17 . The close correspondence among the HSPs, Icelandic dust records and the IRD data 1 requires further consideration (Fig. 3) . A reappraisal of the widespread 1,500-year variability of Holocene climate by using wavelet transform analyses suggested that the IRD time series 1 is composed of two robust wavelengths forced by solar activity (1,000-and 2,500-year cycles) together with a 1,500-year cycle 4 . The 1,500-year cycle is assigned to an internal oceanic forcing that has become dominant in the past 5,000 years. Indeed, the mid-Holocene period was characterized by a substantial reorganization of the North Atlantic circulation pattern, in which the solar imprint in palaeoclimate records gradually became less apparent as the Atlantic overturning circulation became robustly established. Hence, atmospheric circulation changes seem to coincide with oceanic variability during the late Holocene. To unravel the relative importance of solar activity and internal oceanic forcing on the 1,500-year storminess maxima, we re-processed the IRD time series to extract the internal oceanic 1,500-year period, and compared our HSP record with the IRD 1,500-year period time series and the total solar irradiance (TSI) curve 18 (Fig. 3) . One of the main results is a lack of correlation between the HSPs and the filtered TSI curve, as the HSPs alternatively match with low TSI (HSP II and III), transitions between low and high TSI (HSP I and V) or even to an ambiguous signal (HSP IV). We can thus rule out solar forcing as the primary trigger of millennial-scale storminess maxima and associated climate deteriorations in the North Atlantic. Nevertheless, we cannot exclude its possible influence as a weak external driver on coupled ocean-atmosphere dynamics 19 , in particular at shorter (decadal/centennial) timescales 20 . In contrast, the pacing of HSPs with the power spectrum maxima of the 1,500-year internal oceanic cycle is remarkably strong because
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all HSPs are well correlated with the high phase of the North Atlantic oceanic period.
Recent studies reveal that the dynamics of the subpolar gyre (SPG) circulation is a primary mechanism controlling rapid climatic change in the North Atlantic 21 . Drift-ice input and surface oceanic circulation oscillated between two modes during the late Holocene, with a periodicity of 1,500 years, implying either a strong or a weak SPG (ref. 21) . Consistent with the SPG strength mechanism, most of the HSPs seem to coincide with abrupt rises in upper-water-column stratification south of Iceland (Fig. 3e ) associated with increases in temperature and salinity (Supplementary Fig. S1 ). This suggests a westward, reduced extension of the SPG accompanied by a reinforced penetration of warm and saline waters as the subtropical gyre shifts northwards 22 . The good correspondence between the HSPs and temperature increases in the eastern subtropical Atlantic 23 further supports this hypothesis ( Fig. 3f and Supplementary Fig. S1 ). Hence, all HSPs occur during recognized late Holocene periods of global rapid climate change involving ocean and atmospheric reorganizations 2, 3 . In line with contemporary coupled atmospheric-oceanographic observations 24 , we propose that variations in the SPG and subtropical gyre are linked to the strength and location of westerly winds and thus of the storm tracks in the North Atlantic sector. This is also consistent with the mechanisms invoked for the past millennium, as for instance during the cold LIA when weaker and southward-shifted westerlies led to the westward contraction of the SPG (ref. 22) . Further corroborating this concept is the good match between the HSPs in northern coastal Europe and periods of increased storminess recorded in a lagoonal coastal system from the northwestern Mediterranean Sea, where these periods of elevated storm activity were associated with a southward displacement of the storm tracks during the cold periods of the Holocene 25 . Recent studies support our interpretation of a pervasive link between the SPG dynamics and the strength of the westerlies for the past 9,000 years 26 , and climate simulations validate this pattern 27 . The formation of dunefields along northern coastal Europe attributed to enhanced aeolian activity during cool events and the LIA has been further ascribed to large-scale North Atlantic atmospheric changes associated with strong winds that occurred coeval to a southward extension of the polar front 11 . In contrast, the warm Medieval Climate Optimum was characterized by low storm activity 13, 25 , with proxy-based and model reconstructions both implying an eastward extension of the SPG and persistent positive North Atlantic Oscillation (NAO) conditions 22 . However, the reconciliation of Holocene climateanomaly patterns at millennial scales in the North Atlantic region with the dynamics underlying the NAO at the annualto-decadal timescales remains speculative 19 . Rather, atmosphereocean general circulation model simulations comparing LIA and modern conditions identify reinforced cyclonic activity and an increased north-south thermal gradient south of 50
• N during the LIA when ice extended southwards in the North Atlantic Basin 28 . Hence, consistent with modern mechanisms, a southward displacement of the westerlies, and associated storm tracks to northern Europe, is implied during late Holocene cool events when the SPG contracted westwards. This would have triggered a rapid reorganization of North Atlantic ocean-atmosphere dynamics, presumably resembling negative NAO conditions 22 , as in 1960 when a southward advance of the polar front triggered the export of sea ice southwards from the Nordic seas during NAO minimum conditions 29 . In light of concerns about the impact of anthropogenic greenhouse gases on extreme storm events in the coming years/decades, our results also indicate that modern coupled ocean-atmosphere dynamics at North Atlantic midlatitudes should trend towards the low phase of the 1,500-year internal oceanic cycle, in contrast to LIA climate conditions. This observation is highly relevant, as it highlights that the recent increase in storm activity 30 diverges from its natural background variability. This study thus illustrates how coastal sedimentary systems, being directly subjected to changes in storminess, can be used to reconstruct millennial-scale climate variability and climatic forcing factors owing to their high sensitivity to rapid climatic changes. In this sense, they complement marine and terrestrial archives and offer valuable new insights to reconstruct and understand climate change.
Methods
In both the Seine Estuary and MSMB, seismic reflection surveys were performed using a boomer IKB-Seistec (frequency band of 1-10 kHz, shooting rate: 2 Hz, power supply energy: 200 J). Data were recorded using the Elics-Delph-Seismic system. Seismic Unix software was used for processing. Vibrocore data were used primarily for sedimentological description and interpretation of sedimentary successions 13, 14 . Samples were collected along selected cores for radiocarbon dating (Supplementary Table S1 ). Absolute dating was corrected by applying a reservoir correction (R) of 400 years with an applied regional deviation ( R) for the English Channel of 56 years. Absolute dating was further calibrated using the calibration programme CALIB 5.0.2. (http://calib.qub.ac.uk/calib/). Calibrated ages indicate values with 2 s.d. (2σ ; 95% of confidence). For the past 2,000 years palaeomagnetic data were used to provide a complementary chronological framework on cores collected in the Seine Estuary 13 . The average sedimentation rate calculated on Seine Estuary core Vk31 is about 0.2 cm yr −1 , which is consistent with the mean rate of sea-level rise since 6,500 cal bp (ref. 13) .
The wavelet transform is a band-pass filter, which consists of convoluting the signal with scaled and translated forms of a highly time-localized wavefunction (the filter), the so-called mother wavelet. In this regard, we have used wavelet analyses with a Gaussian filter to reconstruct the millennial-scale component contained in the IRD (ref. 1), density difference 21 and normalized SST anomaly 
